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Increasing evidence supports the developmental origins of adult health and disease hypoth-
esis which argues for a causal relationship between adverse early life nutrition and
increased disease risk in adulthood. Modulation of epigenetic marks, e.g., DNA methy-
lation and consequential altered gene expression, has been proposed as a mechanism
mediating these effects. Via its role as a methyl donor, dietary folate supply may inﬂuence
DNA methylation. As aberrant methylation is an early event in colorectal cancer (CRC)
pathogenesis, we hypothesized low maternal and/or post-weaning folate intake may inﬂu-
ence methylation of genes involved in CRC development. We investigated the effects of
maternal folate depletion during pregnancy and lactation on selected gene methylation in
the small intestine of wild type (WT) and Apc+/Min mice at weaning and as adults. We
also investigated the effects of folate depletion post-weaning on gene methylation in adult
mice. Female C57Bl6/J micewere fed low or normal folate diets frommatingwithApc+/Min
males to the end of lactation. A sub-set of offspring were killed at weaning. Remaining off-
spring were weaned on to low or normal folate diets, resulting in four treatment groups
of Apc+/Min and WT mice. p53 was more methylated in weaning and adult WT compared
withApc+/Min mice (p>0.001). Igf2 andApc were hypermethylated in adultApc+/Min com-
pared withWT mice (p =0.004 and 0.012 respectively). Low maternal folate reduced p53
methylation in adults (p =0.04). Low post-weaning folate increased Apc methylation in
Apc+/Min mice only (p =0.008 for interaction).These observations demonstrate that folate
depletion in early life can alter epigenetic marks in a gene-speciﬁc manner. Also, the differ-
ential effects of altered folate supply on DNAmethylation inWT andApc+/Min mice suggest
that genotype may modulate epigenetic responses to environmental cues and may have
implications for the development of personalized nutrition.
Keywords: folate, gene-specific DNA methylation, in utero,Apc+/Min mouse, CRC
INTRODUCTION
The developmental origins of health and disease (DOHaD)
hypothesis proposes that exposures during early life modulate dis-
ease risk in adulthood. Indeed, there is substantial evidence for an
association between lower birth weight and increased risk of type
2 diabetes, coronary heart disease, and hypertension, which has
been attributed to poor nutrition in utero (Barker, 2004). These
observations indicate the potential for a degree of plasticity dur-
ing development which allows the fetal phenotype to be altered
in response to environment cues (Bateson et al., 2004) in ways
that may prepare it for the anticipated post-natal environment
(Gluckman et al., 2005). Topersist into adulthood and to affect dis-
ease risk, these environmentally orchestrated programming events
must “mark” the animal at a molecular, cellular, and/or tissue level
in ways that are sustained for much of the life-course and which
impact on the processes which lead to the development of disease.
Epigenetic marks, including DNA methylation and covalent
histone modiﬁcations, are established during embryonic and fetal
development and constitute a rich information source layered on
top of the DNA sequence. These marks contribute to the regula-
tion of transcription, allowing cell speciﬁc gene expression which
is essential for cell differentiation (Bird, 2002). DNA methylation,
themost commonly investigated epigeneticmark, can be altered in
offspring in response to maternal nutrition and these changes are
associated with changes in gene expression and in the phenotype
of the progeny (Waterland and Jirtle, 2003; Lillycrop et al., 2005;
Dolinoy et al., 2006).
Since folate is a key dietary source of methyl groups for syn-
thesis of S-adenosyl methionine (SAM) – the universal methyl
donor – it is an attractive candidate nutrient for the modulation
of DNA methylation. Furthermore, many studies highlight the
effects of maternal folate status on DNA methylation in offspring
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(Lillycrop et al., 2005; Sinclair et al., 2007; Kim et al., 2009;
Steegers-Theunissen et al., 2009; McKay et al., 2011).
As aberrant DNA methylation is known to be an early event
in the pathogenesis of colorectal cancer (CRC; Feinberg et al.,
2006), we hypothesized that maternal folate supply may inﬂu-
ence CRC development in adult offspring through manipulation
of the epigenome in utero. Indeed, we have reported global DNA
hypomethylation in the small intestine (SI) of adult mice born
to folate-depleted mothers compared with those born to folate
replete mothers (McKay et al., 2011). Furthermore, we estab-
lished that maternal folate depletion altered DNA methylation in
a gene-speciﬁc manner in the fetal gut (McKay et al., unpublished
data), suggesting that some epigenetic marks in developing off-
spring are modiﬁable in response to alteredmaternal folate intake.
Understanding these early epigenetic events may help to deﬁne
appropriate standards for maternal nutrition during pregnancy to
optimize adult gut health in the next generation.
Apc+/Min mice, which carry a STOP mutation at codon 850 in
the Apc gene and develop multiple intestinal neoplasms sponta-
neously, have been used widely as amodel of CRC (Su et al., 1992).
Following depleted or normal maternal folate supply frommating
until the end of lactation,we investigated themethylation status of
candidate genes in Apc+/Min and in wild type (WT) littermates to
explore the potential effects of a nutritional insult (reduced folate
supply) during early life onDNAmethylation in the context of risk
of CRC. For this purpose, we selected candidate genes implicated
in the development of CRC and which have exhibited methyla-
tion changes in CRC (Igf2, p53, p16, and Apc ; Burri et al., 2001;
Feinberg et al., 2006; Segditsas et al., 2008; Baba et al., 2010). Fur-
thermore, to investigate the potentially cumulative effects of both
maternal and post-weaning folate depletion (a double nutritional
insult), we also examined DNAmethylation in adultApc+/Min and
WT mice fed the low folate diet from weaning.
MATERIALS AND METHODS
ANIMAL HOUSING AND HUSBANDRY
All animal procedures were approved by the Newcastle Uni-
versity Ethics Review Committee and the Home Ofﬁce. Ani-
mals were housed in the Comparative Biology Centre (New-
castle University) at 20–22˚C with 12 h light/dark cycles. Fresh
water was available ad libitum. Experimental diets were based
on the AIN-93G rodent diets (Reeves et al., 1993) and have
been described previously (McKay et al., 2008). Mating trios
[two C57BL/6J females (8 weeks old), one Apc+/Min male) were
offered 6 g/day/mouse of a normal folate (2mg folic acid/kg diet)
or low folate (0.4mg folic acid/kg diet) diet. Pregnant females
were re-caged and offered 10 g/day/mouse of their allocated diet
throughout pregnancy. At 2weeks post-partum, diet quantity was
increased (20 g/day/mouse).
At weaning (mean 32 days post-partum), offspring were geno-
typed (as described in McKay et al., 2008) and a randomly chosen
sub-set of offspring, and all damswere killed for sample collection.
The remaining offspring were re-caged (one to four per cage) and
randomly assigned to a post-weaning diet of either normal folate
(2mg folic acid/kg diet) or low folate (0.4mg folic acid/kg diet)
diet (6 g/day/mouse). At an average of 96 days old,mice were killed
for sample collection.
The effects of a low folate diet during pregnancy and/or post-
weaning on the outcome of pregnancy, offspring growth, folate
status, and tumor number and size (in Apc+/Min mice), have been
reported previously (McKay et al., 2008).
SAMPLE COLLECTION
Animals were anesthetized using gaseous isoﬂurane followed by
cervical dislocation. The entire SI from the stomach to the cecum
was removed and cut into two sections of equal length, the proxi-
mal and the terminal SI. These sections were then opened longitu-
dinally, washed with PBS, and examined for tumors before being
wrapped in foil and snap frozen in liquid nitrogen. Samples were
stored at −80˚C until DNA was extracted.
DNA EXTRACTION AND GENE-SPECIFIC DNA METHYLATION
ASSESSMENT
DNA was extracted (including RNase treatment) using a Qiagen
DNA mini kit (Qiagen-51306) following the manufacturer’s pro-
tocol from normal appearing (i.e., an area of the gut where no
macroscopic tumors were present) proximal SI tissue of juvenile
and adult Apc+/Min and WT mice.
Two micrograms of genomic DNA were bisulﬁte treated, puri-
ﬁed, desulfonated, and ethanol precipitated as detailed in Belshaw
et al. (2004). A one-twentieth volume was used as a template in
PCR reactions to amplify CpG rich regions of p53, Igf2, Apc, and
p16 genes using primers detailed in Table 1. Nested PCR reactions
were required to amplify p53 and Igf2, therefore from the initial
PCR, using F1 and R1 primers, 2μl was transferred to a subse-
quent PCR reaction using F2 andR2primers (seeTable 1).All PCR
reactions were carried out in 20μl volume and contained 1Unit
HotStarTaq (Qiagen) and 0.75 pmol of each forward and reverse
primer. Other reagents used for speciﬁc PCR reaction are detailed
in Table 1. Cycling conditions were 95˚C for 15min× 1, 35 cycles
of 95˚C for 30 s, annealing temperature (see Table 1) for 30 s, 72˚C
for 30 s or 1min (Table 1) followed by a ﬁnal 10min extension at
72˚C, and then held at 4˚C. CpG methylation status of the four
genes was then determined by a combined bisulﬁte restriction
analysis (COBRA) assay (Xiong and Laird, 1997). PCR products
were digested overnight with the appropriate restriction enzyme
(Table 1). Digested DNAwas separated by gel electrophoresis (3%
agarose) and gels stained with 0.01% SYBR green I in 1× TBE
for 4 h. DNA SYBR green ﬂuorescence was captured using a UV
camera (UVItech Limited) and band intensities were quantiﬁed
using UVIband software (UVItech Limited). The percentage DNA
methylation was then calculated from the relative intensities of the
digested and undigested PCR products.
STATISTICAL ANALYSIS
Data distributions from this 2× 2 factorially designed study (two
levels of maternal folate supply and two levels of folate supply to
the offspring post-weaning) were examined by the Kolmogorov–
Smirnov test. All data sets were normally distributed. Analysis
of variance was used to examine the effects of sex, genotype, and
maternal and post-weaning diets, and interactions betweenmater-
nal and post-weaning folate supply, on methylation of selected
genes in the SI of weaning aged and adult mice.
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RESULTS
EFFECTS OF SEX AND GENOTYPE ON GENE-SPECIFIC DNA
METHYLATION IN SI
Therewere nodifferences betweenmale and femalemice inmethy-
lation at any of the loci investigated in offspring killed at either
weaning or in adulthood (aged 96 days).
At weaning there was no difference in percentage methylation
at the Igf2, p16, or Apc loci in Apc+/Min compared with WT mice
but the p53 locus was signiﬁcantly (p< 0.001) more methylated
in WT mice (Figure 1).
In adult mice, genotype did not affect DNA methylation at
the p16 locus. As we observed at weaning, methylation at the p53
locus was signiﬁcantly (p< 0.001) higher in WT mice (Figure 2)
in adulthood. Furthermore, both the Igf2 and Apc loci were more
highly methylated in Apc+/Min mice compared with WT mice
(p = 0.004 and 0.012 respectively).
EFFECTS OF LOW MATERNAL DIETARY FOLATE ON GENE-SPECIFIC DNA
METHYLATION
No signiﬁcant effects of low maternal dietary folate during preg-
nancy and lactation were observed onDNAmethylation at the loci
investigated in weaning mice (data not shown).
However, adult mice born to low folate fedmothers had a lower
percentagemethylation at the p53 locus compared withmice born
to normal folate fed mothers (p = 0.04; Figure 3). There were no
detectable effects (p> 0.05) of low maternal folate intake at other
loci in adult mice (Figure 3).
EFFECTS OF LOW POST-WEANING DIETARY FOLATE ON GENE-SPECIFIC
DNA METHYLATION
Altering dietary folate supply from weaning had no signiﬁcant
effect onDNAmethylation at the Igf2,p53,orp16 loci in adultmice
(Figure 4). However, the Apc locus was found to be unmethylated
in adult mice fed normal folate post-weaning diets, but methy-
lated in mice fed folate-depleted diets. This difference in mean
Apc methylation was statistically signiﬁcant (p = 0.009; Figure 4).
Furthermore, there was a signiﬁcant interaction between geno-
type and post-weaning diet for methylation at the Apc locus
(p = 0.008). Mean methylation of the Apc gene in Apc+/Min
mice fed the folate-depleted diet post-weaning was 4.2% whereas
methylation was undetectable in Apc+/Min and WT mice fed the
normal folate diet. There were no signiﬁcant interactions between
maternal and post-weaning folate supply for methylation at any
of the loci investigated.
DISCUSSION
Aberrant DNA methylation is a cardinal feature of many can-
cers (Watanabe and Maekawa, 2010). Although abnormal DNA
methylation patterns are an early event in CRC development, it is
currently unclear whether the observed changes in DNA methy-
lation are causal for cancer development or a consequence of it.
In the study described here, we report hypomethylation at the
p53 locus in the SI of Apc+/Min mice compared with WT mice at
weaning. At this age (mean 32 days), no macroscopic lesions were
apparent in the SI so the observed difference in p53 methylation
appears to precede tumor development in this model. Further-
more, the difference in p53methylation betweenApc+/Min andWT
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FIGURE 1 | Effect of genotype on gene-specific DNA methylation (%) in the proximal SI of weaning mice (mean age 32days). n =10 for all groups. Error
bars represent 95% conﬁdence intervals. *p<0.05.
FIGURE 2 | Effect of genotype on gene-specific DNA methylation (%) in
the proximal SI of adult mice (mean age 96days). Igf2, n =20 and 21; p53,
n =20 and 20; p16, n =19 and 19; and Apc, n =19 and 18 for Apc+/Min andWT
mice respectively. Error bars represent 95% conﬁdence intervals. *p<0.05.
mice was also observed in adults (mean 96 days of age), indicating
that these epigenetic changes are sustained during the period of
development of macroscopic tumors (see McKay et al., 2008 for
details of tumor size and multiplicity). Previously, hypomethyla-
tion within exons 5–8 of the p53 gene has been associated with
colon tumorigenesis in the DMH rat model (Kim et al., 1996) and
p53 hypomethylation has been associatedwith increasedmutation
rates within this gene (Tornaletti and Pfeifer, 1995). In addition,
loss of function of the p53 tumor suppressor gene is common in
the progression of late adenoma to carcinoma in humans (Fearon,
2011). In our study, mice with genetically inherited loss of func-
tion of one Apc allele had lower methylation at the p53 locus than
their WT littermates. To our knowledge, this is the ﬁrst report of
a collateral epigenetic effect on a tumor suppressor gene (p53)
resulting from a germ-line mutation in another tumor suppressor
gene (Apc). Such effects might be anticipated in tumors per se but
the present discovery is all the more remarkable because it was
observed in macroscopically normal tissue. It will be important to
seek conﬁrmation of this ﬁnding in independent studies and to
investigate the mechanism responsible. Since reduced p53 methy-
lation is expected to be accompanied by increased expression of
the corresponding tumor suppressor gene and hence greater resis-
tance to tumorigenesis, the sustained lower p53 methylation in
the tumor-prone Apc+/Min mice is surprising. It is possible that
the altered p53 methylation is unconnected mechanistically with
tumor development. This would be expected if the methylation
change at the speciﬁc CpG site probed by the present COBRA
assay does not signal a change in p53 transcription. Further inves-
tigation of the functional consequences of this apparently novel
genotype:epigenetic interaction is warranted.
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FIGURE 3 | Effect of depleted versus normal maternal dietary folate
supply on gene-specific DNA methylation (%) in proximal SI of adult
offspring (bothApc+/Min andWT mice combined; mean age 96days). Igf2,
n =21 and 20; p53, n =20 and 20; p16, n =20 and 18; and Apc, n =19 and 18
for normal and folate-depleted maternal diets respectively. Error bars
represent 95% conﬁdence intervals. *p<0.05.
FIGURE 4 | Effect of dietary folate supply from weaning on gene-specific
DNA methylation (%) in proximal SI of adult offspring (bothApc+/Min
andWT mice combined; mean age 96days). Igf2, n =21 and 20; p53,
n =20 and 20; p16, n =20 and 18; and Apc, n =19 and 18 for normal and
folate-depleted diets respectively. Error bars represent 95% conﬁdence
intervals. *p<0.05.
In contrast to our ﬁndings of genotype-related p53 hypomethy-
lation, we observed that the Igf2 and Apc genes were more highly
methylated in adult Apc+/Min mice compared with WT mice.
Hypermethylation at the Apc locus is widely documented in
human CRC (Venkatachalam et al., 2010) and may contribute
to the loss of function through silencing of the second (non-
mutated) allele of this tumor suppressor gene described as the
gate-keeper of the colorectum (Kwong and Dove, 2009). Both
hypo- and hypermethylation at the Igf2 locus have been reported
in human cases of CRC (Issa et al., 1996; Nakagawa et al., 2001;
Cui et al., 2002; Baba et al., 2010) with loss of imprinting at this
locus believed to contribute to tumor growth (Cui et al., 2002).
Although dietary and other exposures during fetal and early
post-natal lifemight be expected to inﬂuence risk ofmany complex
diseases in adulthood, to date there is limited and conﬂicting evi-
dence of associations between early life exposures and adult cancer
incidence (Johnson et al., 2009). It is plausible that environmental
factors that alter DNA methylation patterns during development
may be early events inﬂuencing cancer development in later life,
particularly as aberrant DNA methylation patterns are associated
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with most cancers (Watanabe and Maekawa, 2010) and is an early
event in CRC (Feinberg et al., 2006). We therefore hypothesized
that reducing maternal folate supply during pregnancy and lac-
tation would stress the developing mouse’s capacity to methylate
cellularmacromolecules. Thismay therefore alter patterns of DNA
methylationduring fetal and early post-natal development. If these
putative epigenetic derangements occurred in genes critical for
cancer development, e.g., tumor suppressor genes then the mater-
nal dietary insult might inﬂuence CRC risk in adult offspring.
Indeed it was reported recently that early life exposure to famine
was associated with the decreased risk of developing a CpG island
methylator phenotype (CIMP) CRC (Hughes et al., 2009). Since
the presence of a CIMP tumor is indicative of epigenetic insta-
bility coupled with transcriptional silencing of gene expression
and microsatellite instability (Ferguson et al., 2004; Slattery et al.,
2009), these ﬁndings suggest that early life exposures may indeed
result in persistent epigenetic alterations that may inﬂuence risk
of CRC development in later life. In the present study, we did
not observe any differences in response to maternal dietary folate
supply in methylation of our panel of cancer-related genes when
examined in mice at weaning (mean 32 days of age). However, in
adult offspring (mean age 96 days) we observed reduced methy-
lation at the p53 locus (but no changes in the other three genes
investigated) in offspring born to mothers fed the low folate diet.
Previously we reported reduced genomic DNA methylation in the
SI of adult offspring in response to low maternal folate intake
(McKay et al., 2011) and we have reported elsewhere that the
response tomaternal folate supply was gene, and CpG site, speciﬁc
in the fetal gut (McKay et al., unpublished data). Our observa-
tions in the present study support these earlier reports since we
found that methylation changes in the offspring in response to
reduced maternal folate supply are gene-speciﬁc. Taken together,
these data strengthen the hypothesis that maternal folate intake
modulates epigenomic patterns in the offspring. Furthermore,
the changes reported here in respect of p53 methylation may
indicate that such exposures have the potential to inﬂuence gut
health in adulthood via epigenetic programming of some cancer
related genes.
We report here that low post-weaning dietary folate intake
caused hypermethylation at the Apc locus in Apc+/Min mice
only. Although increased methylation in response to decreased
folate intake may seem paradoxical, hypermethylation at the Apc
locus has been reported in association with consumers of low
folate/high alcohol in human cases of sporadic CRC (van Enge-
land et al., 2003). That this effect on Apc methylation occurred
in Apc+/Min mice only (not in WT mice), suggests that there
may be aberrations in the methylation machinery within SI of
these tumor-predisposed mice. Since folate depletion is predicted
to reduce cellular SAM supply, this will have implications for
resource (methyl group) allocation to competing pathways within
the cell and it may be that such competition, rather than derange-
ments in the DNA methylation machinery per se, is responsible
for the altered Apc methylation that we have observed. Indeed,
in human CRC, hypermethylation of the APC promoter by folate
depletion has been hypothesized to reduce expression of the gene
(Esteller et al., 2000), which may be sufﬁcient to initiate tumor
development.
Finally, our observation of gene-speciﬁc responses to altered
folate supply indicate that some genomic loci appear to be more
labile than others in response to environmental cues such as altered
nutrition. For example, it is well documented that metastable epi-
alleles are epigenetically labile (“epilabile”) in response to folate
andother dietary factors (Waterland and Jirtle,2003;Dolinoy et al.,
2006; Waterland et al., 2006). Currently, relatively little is known
about the characteristics of DNA domains whichmake themmore
or less epilabile. In this study we measured DNA methylation of a
panel of genes known to be involved in the development of CRC
and sensitive tomethylation changes in CRC. Of the four genes we
studied,methylation of p53was altered bymaternal folate intake in
both Apc+/Min andWT mice whereas Apc methylation was altered
in Apc+/Min mice only, in response to low folate intake after wean-
ing. The COBRA assay probes a single CpG site and it remains to
be discovered whether the CpG site investigated here is character-
istic of all the cytosine residues in the corresponding CpG island.
It would be useful to extend this analysis using additional method-
ologies such as bisulﬁte sequencing or pyrosequencing which can
measure several CpG sites within a given DNA domain. The only
gene for which we did not observe any variation in DNA methyla-
tion was p16. Although aberrant DNA methylation of this gene
has been observed in several human cancers (Auerkari, 2006),
p16 appears to be largely unmethylated in non-neoplastic tis-
sue (Belshaw et al., 2008). In agreement with these ﬁndings, in
the present study we analyzed DNA from macroscopically normal
mucosa and found that p16 methylation was undetectable inmost
samples – only very low levels of p16 methylation were detected in
Apc+/Min mice at weaning. The present study adopted a candidate
gene approach and it is also possible that other genes may also
have altered DNA methylation in response to maternal and/or
post-weaning dietary folate depletion. Now that we have estab-
lished proof of principle that reduced folate supply in early life
can modulate gene methylation, further studies using genome-
wide approaches such as methylation arrays or next generation
sequencing are warranted to identify “epilabile” loci and to inves-
tigate both the molecular and overall health consequences of such
epigenetic events.
In summary, the results presented here provide proof of prin-
ciple that reduced maternal folate supply during pregnancy and
lactation and/or reduced folate supply from weaning can alter the
methylation of genes involved in CRC development. In particular,
we have shown that reduced maternal folate intake during preg-
nancy and lactation alters p53 methylation in the adult offspring.
In addition, we have reported the apparently novel observation
that genetically inherited loss of function of oneApc allele resulted
in lower methylation at the p53 locus. To our knowledge this is
the ﬁrst reported observation of a collateral epigenetic effect on a
tumor suppressor gene (p53) resulting from a germ-line mutation
in another tumor suppressor gene (Apc). It will be important to
replicate these novel ﬁndings in independent studies.
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